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Beryllium doping in Gao.47Ino.s3 As and Alo.4slno.s2 As grown by molecular-
beam epitaxy 
K. Y. Cheng, a) A. Y. Cha, and W. A. Bonner 
Bell Laboratories, Murray Hill, New Jersey 07974 
(Received 13 February 1981; accepted for publication 18 March 1981) 
Beryllium-doped G<lo.47 Ino.53 As and Alo.48 Ino.52 As epitaxial layers lattice matched to InP 
substrates have been grown by molecular-beam epitaxy (MBE). Doping levels as high as 2.5 X 1019 
cm ~ 3 have been achieved for both p-type G<lo.47 InO.53 As and Alo.4s Ino.52 As. The maximum 
carrier concentration is an order of magnitude higher for these Be-doped layers than for those 
doped with Mn. The carrier concentration varies proportionally with the arrival rate of Be and the 
sticking coefficient of Be is estimated to be unity. Under our growth conditions, the carrier 
concentrations in G<lo.47 In053 As and Alo.48 Ino.52 As layers are identical for the same Be arrival 
rate. Mobility studies showed that MBE grown Be-doped G<lo.47 Ino.53 As layers are comparable to 
the best reported results obtained with liquid-phase epitaxy. When Sn was used as the n-type 
dopant, both G<lo.47 Ino.53 As and Alo.48 Ino.52 As p-n junction diodes were fabricated and 
evaluated. 
PACS numbers: n.20.Fr, 73.60.Fw, n.80.Ey, 81.15.Ef 
I. INTRODUCTION 
The system of the G<lo.47 Ino.53 As ternary compound 
lattice matched to InP substrate is of considerable interest 
for applications in microwave and optoelectronic devices 
due to its high electron mobility and a room temperature 
near band-gap emission of 1.65 pm. 1 This spectral region is 
close to the 1.55-pm wavelength associated with a minimum 
attenuation and dispersion in optical fibers. 2 Injection diode 
lasers, photodetectors, and field-effect transistors (FET's) 
have been made by liquid-phase epitaxy (LPE)I.3 and vapor-
phase epitaxy (VPE)4 as well as by molecular-beam epitaxy 
(MBE).5-7 Another important ternary compound semicon-
ductor that can be lattice matched to InP substrate is the 
Alo.48Ino.52As ternary which has a band gap of ~ 1.53 eV. R 
With the combination of these two ternary systems, various 
high performance microwave and optoelectronic devices can 
be realized. Possible applications such as high mobility mod-
ulation doped FET structures and double heterostructure 
lasers may be prepared with MBE. 
In the AlyInl _ yAs systems, the large Al distribution 
coefficient in the ternary liquid solution makes it difficult to 
avoid compositional grading in the epilayer grown by LPE.9 
However, since it contains only one group V element and 
both Al and In have unity sticking coefficients, it is ideally 
suited for the MBE method. 
A previous study reported that it is difficult to dope 
G<lo.47 Ino.53 As-InP epilayers with p-type dopants such as 
Zn, Cd, Mg, and Be during the MBE growth.6 Asahi et al. 10 
found that Gao 47 InO.53 As can be doped with Mn only to a 
carrier concentration ofless than 2 X 1018 cm~3 without de-
teriorating the surface smoothness. In addition, 
Alo.48 Ino.52 As layers were found to be insulating.9 In order 
to fabricate devices with these two ternary systems by MBE, 
studies on the doping properties in grown layers are 
necessary. 
alOn leave from Chung·Cheng Institute of Technology, Taiwan, Republic 
of China. 
During the growth ofIII-V compounds by MBE, the 
incorporation of impurities is controlled to a large degree by 
surface absorption-desorption kinetics and by surface stoi-
chiometry rather than by near-equilibrium thermodynamic 
conditions as is more generally the case with other growth 
techniques. II Impurities whose vapor pressures at the 
growth temperature are high compared to that of the group 
III element tend to have a very short absorption lifetime on 
the surface and re-evaporate before any significant incorpor-
ation into the grown layer can occur. As a result, elements 
such as Zn, Cd, and Mg either do not get incorporated or else 
exhibit very low sticking coefficients to the surface. II In con-
sidering the above restrictions, elements such as Mn and Be 
are considered to be two useful acceptor dopants in MBE 
growth ofGaxIn l ~ xAs and AlyInl ~yAs. However, Mn is a 
deep acceptor l2 and the carrier concentration in 
G<lo.47 Ino53 As layers tends to be limited to below 2 X 10 I K 
cm ~ 3 to avoid surface roughness. 10 This further restricts the 
choice of acceptor dopants to Be only. 
In this paper, we present the doping and electrical prop-
erties of Be-doped G<lo.47 Ino.53 As and Alo.48 Ino52 As on InP 
substrates grown by MBE. G<lo.47 Ino.53 As and 
AI0.48 Ino.52 As p-n junctions were demonstrated with Be and 
Sn as the dopants in the p- and n-regions, respectively. 
II. EXPERIMENTAL PROCEDURE 
Figure 1 shows the top view of the MBE system. All the 
effusion cells are mounted between 5 and 32° from the hori-
zontal plane. They have an aperture 2.5 cm in diameter and 
are located 12 cm from the substrate. All crucibles are made 
of pyrolytic BN and contain high-purity elemental sources 
of AI, In, Ga, As, Sn, and Be. The actual temperature of each 
effusion cell was monitored with thermocouples touching 
the bottom of the crucible and calibrated with an IR pyro-
meter looking into the crucible through view ports. A liquid-
nitrogen cooled shroud is used to enclose the entire growth 
area in order to minimize the residual water vapor and car-
bon containing gases in the vacuum chamber during growth. 
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FlO. I. Schematic diagram of the MBE system viewed from the top. 
Both Gax In I _ x As and Aly In I _ y As layers were grown 
on (1 (0) oriented InP substrates which were either Fe doped 
for Hall measurements or Sn or S doped for p-n junction 
studies. The substrates were polished with a 0.5% Br2 
methanol solution to a mirrorlike finish and were cleaned 
just before being installed in the air-lock chamber following 
the procedures described in a previous study. 13 The thin ox-
ide layer remaining on the surface of the substrate after this 
chemical treatment could be removed in vacuum by heating 
to - 500 °C under the exposure of an As beam. The substrate 
temperature during growth was 500 °C with a typical growth 
rateof3,um/h for both GaxInl _xAsand AlyInl _yAs. Lat-
tice matching between the epilayer and the InP substrate was 
monitored with high-energy electron diffraction (HEED) 
during the growth. The diffraction pattern changed from 
streaked to spotty if the lattice was not well matched. For 
very closely matched conditions, the diffraction pattern re-
mains unchanged with streaked and 1/2 or 1/4 fractional 
orders. 13 X-ray diffraction was used to determine the com-
position of the epilayer. Vegard's law is assumed in the rela-
tionship between the composition and the lattice constant. 
In all cases, the compositions are within 2% of the lattice 
matched condition, which corresponds to a lattice mismatch 
ofless than 1 X 10 - 3. Growth characteristics of Aly In I _ y As 
on InP are found almost identical to those ofGaxInl_xAs 
as described earlier. 13 
The electrical properties of Gax Inl _ x As and 
AlyInl _yAs epilayers grown on Fe-doped InP substrates 
were measured by the Van der Pauw method. Ohmic con-
tacts were made by alloying indium dots onto the epilayer at 
400 °C for 30 sec in H2 ambient. The layer thickness was 
measured on the cleaved cross section with a Nomarski in-
terference microscope after being stained in a solution com-
posed ofHCI:H20 = 1 :3. For the same In oven temperature, 
the growth rates of both Gaa.47 Iflo.53 As and AIa.48 Ino.52 As 
systems are equal. The layer thicknesses ranged from 2.5 to 5 
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,urn for the samples used in this study. 
Both Gax In I _ x As and Aly Ga I _ y As p-n junction di-
odes were grown on Sn or S-doped n + -InP substrates using 
Be for the p dopant and Sn for the n dopant. First a 3-,um-
thick n layer with a doping level of - I X 10 17 cm - 3 was 
grown on the InP substrate followed by a -l-,um-thickp+ 
layer with doping concentration larger than 5 X 1018 cm -3. 
Contacts were made by evaporating Au dots on the p-type 
epilayer followed by alloying under H2 ambient at 400 °C for 
30 sec. The indium solder on the backside of the wafer used 
to hold the substrate during growth served as the n-side con-
tact. Mesa diodes were then formed by etching in a 0.5% 
Br2-methanol solution and their I-V characteristics were 
measured. 
III. RESULTS 
A. Be doping 
The dependence of room-temperature hole concentra-
tion on the Be oven temperature for GaxInl _xAs and 
Aly Gal _ y As layers grown on InP substrates is shown in 
Fig. 2. The solid line in Fig. 2 represents the Be vapor pres-
sure l4 as a function of 1/T. The slope of the vapor pressure 
curve agrees well with the 1/T dependence of the hole con-
centration over the doping range from I X 1017 to 2.5 X 1019 
cm -3 of both ternary systems. This suggests that, over the 
T .. (OC) 10 
10 20 ,---__ ,_0,0_0 _____ 9,00 ______ B_O,0---, 10-8 
• 010,47InO.U Aa 
o AI 0.'" In O.uAI 
• 
o 
lOV 1O~ o~.n~----O~.B~O----~O.~.&~--~~~---O~.8·6 
'OOO/T .. (K-') 
FlO. 2. Hole concentration vs Be oven temperature T Be for MBE grown 
0110,47 IIlo,S) As and AIo.48 IIlo,,, As layers. The solid line represents the Be 
equilibrium vapor pressure curve. 
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FIG. 3. Room-temperature Hall mobilities vs net hole concentration for Be-
doped Ga.) 47 Ina.,] As and Ala," Ino" As layers. The dash line represents the 
estimated mobilities in Gao 47 InOS! As deduced from p-type GaAs and the 
best reported value in LPE material. The proposed hole mobility curve of 
AIO., Ino" As d(cui;td from p-type GaAs and our best experimental values 
is shown as dotted line. 
concentration range studied, the Be doping level is propor-
tional to the Be arrival rate and Be has a unity sticking 
coefficient. 
In both Gaa47 Ino.53 As and Alo.48 Ino.52 As epilayers lat-
tice matched on InP substrates, the GaAs and AlAs mole 
percentages are approximately the same. The identical 
growth rate observed in both ternary systems when keeping 
the In arrival rate constant indicates that the incorporation 
of Ga and Al into these two systems are equal. The Be do-
pant is therefore also expected to have a similar incorpora-
tion rate in both of these systems as observed. 
The highest doping levels measured in Gax In I _ x As 
and AlyInl_yAs were 1.3X 1019 and 2.5X 1019 cm- 3, re-
spectively. Up to these doping levels, unlike Mn, when com-
pared to undoped layers grown under otherwise identical 
conditions, no change in surface morphology could be de-
tected using an interference contrast microscope. The hole 
concentration follows the Be vapor pressure curve closely 
and shows no sign of saturation even at doping levels higher 
than 1019 cm -3. No attempt was made in this work to study 
the doping property beyond that level. 
B. Transport properties andp-n junction characteristics 
The Hall mobilities as a function of carrier concentra-
tions for Be-doped Gax Inl _ xAs and AlyInl _yAs layers are 
la\ 
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FIG. 4. Current-voltage characteristics for MBE grown (a) Gao 4711\".1 As 
and (b) AIo'8 Ina "Asp+(Be) - n(Sn) junctions. 
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FIG. 5. Photomicrographs of the (a) Gao., Ina,] As and (b) Alo 4' Ino" As p-
n junctions after cleaving and staining. 
displayed in Fig. 3. Since the hole mobility versus carrier 
concentration curves are not available for these two systems, 
the estimated hole mobility curve of Gaa.47 Ino53 As was 
drawn in parallel to the p-type GaAs line ls through the best 
reported LPE value of250 cm2/V sec at 101~ cm- 3 •3 In the 
concentration range studied, the hole mobilities of 
Gax Inl x As layers were distributed along the curve but 
with lower values. This is probably due to the strain caused 
by the slight lattice mismatch between the epilayer and the 
substrate. Lattice mismatch has previously been shown to 
degrade the electron mobility in n-type Gau47 Ino53 As lay-
ers. lo For Alo4s Ino.52 As, since no existing experimental val-
ue can be compared, a proposed hole mobility curve was 
drawn in parallel to the p-type GaAs line through our experi-
mental values. 
The I -V characteristics of both GauA7 Ino53 As and 
AloAs Ino52 As mesa diodes are shown in Fig. 4. The junction 
behaviors are similar to those well-known binary and ele-
mental semiconductors diodes. 17 The carrier concentration 
of the Gau47 Ino53 As diode is about 1 X 1017 and 1 X 1019 
cm -3 in the nand p regions, respectively. The soft reverse 
breakdown characteristics are probably due to the band-to-
band tunneling leakage current. 1M The values are compara-
ble to those grown by liquid-phase epitaxy. I For the 
Alo48 Ino.52 As diode, the doping levels are about 1 X 10 17 and 
5 X 10 1M cm - 3 in the nand p regions, respectively. The re-
verse breakdown voltage of 16 V is very close to the value 
calculated from the semiempirical expression ofSze. IM Using 
Eg = 1.53 eV and NB = 1 X 1017, the calculated breakdown 
voltage is 17.5 V. 
The p-n homojunctions in Gax Inl _ x As and 
Aly In I _ y As and the metallurgical heterojunctions between 
the ternary epilayers and the InP substrates can be delineat-
ed with H2S04:H202:H20 = 4:1:1 solution. The cleaved 
cross sections ofGaxInl_xAs/InP and AlyInl _yAs/InP 
wafers which were fabricated into diodes as discussed above 
are stained and shown in Fig. 5. The smooth interface indi-
cates good lattice match between the epilayer and the InP 
substrate. 
IV. SUMMARY 
Using Be as ap-type dopant, carrier concentrations up 
to 1019 cm- 3 have been achieved in both Gax Inl _ xAs and 
AlyGal _ yAs layers grown lattice matched on InP sub-
strates while maintaining surface morphologies that are 
comparable to those obtained in un doped layers. This dop-
ing level is more than an order of magnitude higher than 
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could be achieved with Mn in Gax In! _ x As. The Be doping 
level is easily controlled by varying the Be oven temperature. 
It is demonstrated for the first time that with Be as a p-type 
dopant, excellent p-n junctions may be prepared in the 
Gax In! _ xAs and AlyGa! _ yAs epilayers on InP substrates. 
In consideration of the various aspects of Be doping dis-
cussed above, Be has proven to be a suitable p-type dopant 
for MBE grown Gax In! _ x As and Aly In! _ y As layers. 
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